Abstract-Automotive applications are known to impose quite harsh environmental conditions such as vibration, shock, temperature, and thermal cycling on inertial sensors. Micromachined gyroscopes are known to be especially challenging to develop and commercialize due to high sensitivity of their dynamic response to fabrication and environmental variations. Meeting performance specifications in the demanding automotive environment with low-cost and high-yield devices requires a very robust microelectromechanical systems (MEMS) sensing element. This paper reviews the design trend in structural implementations that provides inherent robustness against structural and environmental parameter variations at the sensing element level. The fundamental approach is based on obtaining a gain and phase stable region in the frequency response of the sense-mode dynamical system in order to achieve overall system robustness. Operating in the stable sense frequency region provides improved bias stability, temperature stability, and immunity to environmental and fabrication variations.
. Illustration of the angular rate and acceleration detection axes in automotive applications. Majority of emerging safety and comfort systems require yaw-and roll-rate sensing.
property concepts capable of the robustness required to efficiently produce the gyros and a huge investment to fund years of development and production line installation prior to production launch.
Gyroscopes typically operate in safety systems, where high reliability and quality must approach the zero parts per million level. Detection of sensor failures is of utmost importance to avoid an unintended vehicle action that endangers people. An automotive gyroscope must meet all these requirements in addition to having extremely small size and low-unit production cost. As with any high-volume technology, prices continue to drop as volumes grow and the market matures.
In this paper, we review the primary automotive applications, specification requirements, and commercial status of MEMS gyroscopes, discuss the fundamental technical challenges in design and high-volume production, and finally, present an overview of the innovative multi-degree of freedom (DOF) gyroscope design trend that aims to achieve inherent robustness at the mechanical sensing element level.
II. AUTOMOTIVE APPLICATIONS OF MEMS GYROSCOPES
Several applications for MEMS angular rate sensors have emerged since the mid-1990s in the automotive field. The most significant one has been yaw-rate sensors ( Fig. 1) for electronic stability control (ESC) brake systems, which is a major breakthrough in automotive safety. ESC helps prevent accidents by automatically activating asymmetric individual wheel braking actions in an out-of-control (oversteering or understeering) vehicle to stabilize it to regain traction and driver control. The other automotive safety systems application involves roll-rate gyroscopes to sense impending vehicle rollover conditions, for deployment of passenger protection airbags and even preventing rollover as a part of the ESC system.
Applications outside safety systems also exist, such as yaw-rate gyros used to support backup navigation systems by dead reckoning to preserve GPS-based navigator function during temporary loss of GPS signal. Gyroscopes are enabling new higher end applications as well. For example, an emerging application is lane-keeping systems that may require high-precision detection of yaw rate. These systems assist the driver's steering action to preserve the vehicle in the existing highway lane. Lane-keeping assistance systems can make minor steering corrections if the vehicle detects an imminent lane departure without a driver-activated turn signal. Table I presents typical key specifications for automotive gyros and compares required performance specifications for each application. Until recently, ESC posed the most stringent offset (bias), offset over temperature and scale factor error specifications for automotive MEMS gyros. With the trend to mount ESC gyros in the engine compartment, the operation temperature range increased drastically. However, the emerging lane-keeping applications have even tighter specifications. Rollover airbag sensors and GPS backup sensors are among the lower end performance applications.
A. Typical Automotive Gyro Specifications

B. Commercial MEMS Automotive Gyroscopes
The strict performance specifications and cost requirements in the automotive insdustry have resulted in only five companies worldwide that share the ESC market as of 2008. Some of them also have various positions in the rollover, navigation, and lane-keeping gyro markets. These automotive ESC gyroscope suppliers take very different design and technology approaches to the implementation of their micromachined gyroscopes. These five companies have a widely divergent share of the ESC market. Table II depicts the market share and MEMS technology utilized by these ESC gyro suppliers in the 2006 market [2] .
One of the automotive gyroscopes that holds a significant market share is quartz rate sensor (QRS) from Systron Donner Automotive introduced in 1996 and now in its third generation [3] . Its mechanical structure consists of a double-ended tuning fork operated at or above 10 kHz with separate drive and sensing tines optimized for their respective drive and sense functions, utilizing piezoelectric actuation and detection. Masses on the [2] tine ends are laser trimmed to automatically adjust resonant frequencies and quadrature error [4] .
As for silicon devices, Robert Bosch GmbH introduced a micromachined yaw sensor, the DRS-MM1, in 1998 which is now in its third generation [6] . The mechanical design consists of two coupled 11 thick polysilicon masses forming a tuning fork structure with decoupled drive and detection frames that is operated at approximately 15 kHz [7] . Both drive and sense are operated closed loop using a digital ASIC, which also adjusts the output to compensate for both offset and scale factor temperature drifts [8] .
A relatively new device to the automotive market is the Analog Devices fully integrated gyroscope ADXRS (also currently in its third generation), which was put into mass production in 2002 after four years in preproduction development [5] , [9] . The mechanical sensor consists of two (or up to four) mechanically independent thick polysilicon structures operated differentially at 15 kHz with a quality factor of 45; the Coriolis signal is compensated using a temperature-variable amplifier, resulting in sensitivity variations of 1% over a range of C to C [10] , [11] . Since 2006, Panasonic has moved into silicon tuning fork sensors with a piezoelectric coating material used for both drive and sense. However, there are no publications by Panasonic on the details of their gyroscope design. In addition, Silicon Sensing Systems has commercialized in 2007 a silicon bulk micromachined gyro with capacitive drive and sense, to replace their traditional inductive version eliminating the magnet characteristic [12] .
As evidenced by the literature on commercially available gyroscopes, the stability of the output over a broad temperature range is critical for automotive applications. Generally, bias and scale factor temperature drifts are addressed through active signal processing techniques that compensate the output based on the sensed die temperature. However, stability and robustness of the mechanical sensing element becomes crucial to meet strict specifications with minimal yield loss. This paper presents a review of an alternative design concept, which aims to passively improve robustness by mechanical design through the use of multi-DOF sense systems [1] .
III. FUNDAMENTAL CHALLENGES
The basic sensing element structure of a vibratory gyroscope is composed of a drive oscillator that generates and maintains a constant momentum, and a sense accelerometer that measures the sinusoidal Coriolis force induced due to the combination of the drive vibration and an angular rate input.
Vast majority of reported micromachined rate gyroscopes utilize a vibratory proof mass suspended by flexible beams above a substrate. The primary objective of the dynamical system is to form a vibratory oscillator in the drive mode, coupled to the sense mode accelerometer by the Coriolis force orthogonal to the drive motion and rate input axes.
The drive mode oscillator is most commonly a 1-DOF resonator, which can be modeled as a mass-spring-damper system consisting of the drive proof mass , the drive-mode suspension system with stiffness , and the drive damping . With a sinusoidal drive-mode excitation force, the drive equation of motion along the axis becomes (1) The scale factor of the gyroscope is directly proportional to the drive-mode oscillation amplitude. The phase and the frequency of the drive oscillation directly determines the phase and the frequency of the Coriolis force and thus the sense mode response. Consequently, it is extremely critical to maintain a drive-mode oscillation with stable amplitude, phase, and frequency. In practical implementations, almost all reported gyroscopes operate exactly at resonance, with a phase of relative to the drive signal, and the amplitude (2) Self-resonance by the use of an amplitude-regulated positive feedback loop is a common and convenient method to achieve a stable drive-mode amplitude and phase. The positive feedback loop destabilizes the resonator and locks the operational frequency to the drive-mode resonant frequency. This allows to set the oscillation phase exactly 90 from the excitation signal. An automatic gain control (AGC) loop detects the oscillation amplitude, compares it with a reference amplitude signal, and adjusts the gain of the positive feedback to match the reference amplitude. Operating at resonance in the drive mode also minimizes the excitation voltages during steady-state operation.
The sense-mode Coriolis accelerometer is also typically a 1-DOF oscillator, primarily to take advantage of resonance to amplify the mechanical response to the Coriolis force. The equation of motion of the 1-DOF sense-mode oscillator is (3) where is the portion of the driven proof mass that contributes to the Coriolis force, and is the portion of the proof mass that responds to the Coriolis force. Defining the sensemode resonant frequency and quality factor ( factor) , amplitude of the steady-state Coriolis response becomes (4) where (5) To achieve the maximum possible gain in the sense mode, it is generally desired to operate at or near the peak of the sense-mode response curve. This is typically achieved by matching drive and sense resonant frequencies. For a mode-matched system with the sense mode phase is relative to the drive velocity, and the amplitude becomes (6) Even though matching the drive and sense-mode resonant frequencies greatly enhances the sense-mode mechanical response to angular rate input, it comes with many disadvantages. Operating close to the sense resonant peak limits the sensor bandwidth and makes the system very sensitive to variations in system parameters that cause a shift in the resonant frequencies or damping. To illustrate this effect, let us consider a sense mode system with a resonant frequency of and a factor of . When the operating frequency matches the sense-mode resonant frequency , the amplification factor is 10 000. If there is only 5-Hz relative shift between the drive mode and sense mode frequencies, the scale factor drops by more than 90%.
Given the structural and environmental effects that result in quite large variations in the resonant frequencies, it is extremely difficult to control the drive and sense frequencies with the precision required for mode-matched devices. Thus, it is a common practice to operate away from the resonant frequency of the sense mode, where the frequency variations have reduced effect on the output gain and phase (Fig. 2 ). This is achieved by setting the sense-mode frequency spaced by a certain percentage away from the drive mode frequency . This frequency separation is commonly defined as . For higher values, the effect of relative frequency variations between the drive and sense modes on the scale factor is reduced (Fig. 3) .
In addition to frequency variations, the gain is affected directly by fluctuations in damping, which means that the factor of the sense mode response also has to be controlled tightly. Thus, maintaining a constant pressure around the device using a leak-free hermetic packaging is crucial. In addition, damping is also highly temperature dependent. To achieve stable bias and scale factor over temperature, operating away from the resonance peak becomes imperative.
In this paper, we review micromachined gyroscopes with multi-DOF sense-mode that aim to eliminate the limitations of mode-matched or near mode-matched gyroscopes by providing inherent robustness at the sensing element level [1] . The fundamental approach is based on obtaining a flat region instead of a resonant peak in the frequency response of the sense-mode dynamical system. First, the basic concept with a 2-DOF sense mode and a 1-DOF drive mode is presented in Section IV. The antiphase tuning fork gyroscope with multi-DOF sense modes that improves vibration and shock immunity is described in Section V. Finally, a new multi-DOF concept allowing for flexible scaling of parameters to enable operation at high frequencies is presented in Section VI.
IV. MULTI-DOF SENSE-MODE GYROSCOPES
The multi-DOF sense-mode design approach explores the possibility of achieving a gain and phase stable region in the frequency response of the sense-mode dynamical system. Operating in a stable region addresses some of the major challenges in device robustness: 1) Scale factor variation due to variation from die to die and from wafer to wafer. 2) Bias and scale factor variation over temperature due to temperature dependence of and sense-mode factor. 3) Variation in the Coriolis signal phase due to the shift in natural frequencies. 4) Long-term variation in bias and scale factor due to packaging pressure degradation over time. The basic concept is based on a 2-DOF sense-mode oscillator in the gyroscope dynamical system, by the use of two interconnected proof masses (Fig. 4 and 6 ). The two sense masses and are elastically coupled in the sense direction. The first sense mass is free to oscillate both in the drive and sense directions and is excited in the drive direction. In the sense mode, the second sense mass is free to move relative to and becomes the second DOF. In the drive mode, and oscillate together and form a resonant 1-DOF oscillator similar to a conventional micromachined gyroscope. With these assumptions, the simplified equations of motion in the drive and sense modes become
The 2-DOF sense-mode oscillator provides a frequency response with two resonant peaks and a flat region between the peaks (Fig. 5) , instead of a single resonance peak as in conventional gyroscopes. The device is nominally operated in the flat region of the sense-mode response curve, where the gain is less sensitive to variations in the natural frequencies and damping. Thus, reduced sensitivity to structural and thermal parameter fluctuations and damping changes are achieved, leading to improved long-term stability and robustness against temperature variations and fabrication variations from device to device [13] - [15] .
A. Sense-Mode Design Equations
As mentioned earlier, multi-DOF sense-mode gyroscopes have an expanded design space compared to conventional devices due to the additional mass forming the 2-DOF sense mode. Thus, the design is characterized by three frequencies: the operational frequency and the lower and higher coupled sense-mode resonances and , respectively. The drive mode of a multi-DOF device is a conventional 1-DOF dynamic system, where the natural frequency can be selected independent of the sense mode by adjusting the drive mode stiffness or the decoupling frame mass (see Fig. 4 ). Therefore, the focus of designing a multi-DOF gyroscope is on the 2-DOF sense mode, specifically on identifying the structural parameters , ,
, and needed to realize the desired resonant frequencies and . The sense-mode resonant frequencies, however, are not independent of the drive mode since the device is designed to take advantage of the constant amplitude region in the sense-mode frequency response. Assuming the drive is equally spaced from the peaks, the desired sense-mode resonant frequencies can be expressed as (10) where is the operational frequency, and is the sense mode peak spacing, defined as . The three characteristic frequencies of the multi-DOF concept can be completely defined using only two parameters: the operational frequency and sense-mode peak spacing , as shown in Fig. 5 . Solving the inverse eigenvalue problem for the 2-DOF sense mode gives [16] (11) (12) which are the sense-mode design equations for the suspensions required to achieve the desired resonant frequencies in terms of the drive frequency , peak spacing , and mass ratio . Examination of (11) and (12), however, reveals the existence of a constraint for physically achievable systems (13) Therefore, combinations of mass ratios, peak spacings, and operational frequencies cannot be selected arbitrarily, but rather must be chosen to ensure (13) is met. This gives rise to two methods of operational frequency scaling and associated tradeoffs, which is discussed in more detail in [16] .
B. Sense-Mode Gain and Bandwidth
The mechanical gain and bandwidth of a multi-DOF sense mode gyroscope are dependent on the amplitude of the region between the peaks of the 2-DOF sense-mode frequency response. Despite the presence of two sense masses, the mechanical parameters of the device are only dependent on the magnitude of the smaller mass , as this is the mass used for detection. The reason for this is the location of the antiresonance frequency of the larger mass , which is always between the sense-mode resonant frequencies, as illustrated in Fig. 5 . Therefore, the amplitude of the smaller mass is maximized relative to the larger mass between the peaks making it the optimum mass for sensing angular rate induced motion.
The sense mode gain can be found using the absolute value of the mass transfer function at the operational frequency , which gives (14) If the peak spacing is assumed to be much smaller than the operational frequency , which is typical for most 2-DOF systems, (14) reduces to (15) Thus, (15) shows that the major parameter affecting the sense mode gain of a multi-DOF sense-mode gyroscope is the peak spacing, where a smaller spacing ultimately results in larger gain values independent of operational frequency.
If we assume that the drive motion is a regulated constant amplitude sinusoid with an amplitude , as in a typical gyroscope system, the sense-mode response amplitude for an angular rate input becomes (16)
1) Scale Factor Comparison With Conventional Approach:
It is clear that the 2-DOF sense-mode approach sacrifices sense mode gain by operating away from resonance. However, it should be remembered that vast majority of conventional devices in practice are mode mismatched, and operated off-resonance in the sense mode to minimize scale factor and bias variation from device to device and over temperature. Thus, a fair comparison can only be made with a mode-mismatched conventional gyroscope.
As an example, let us consider a conventional gyroscope system operated at the drive resonant frequency of 2 kHz, with a drive amplitude of . For angular rate input, with a sense-mode Q factor of 100, the sense-mode response amplitude of a mode-matched system, i.e., , is 2.778 nm. Even though increasing the in a conventional system improves robustness, it also decreases the scale factor. For example, when the is increased to 100 Hz by setting the sense mode frequency to 2100 Hz, the sense mode amplitude drops to 0.266 nm. This translates into a scale factor reduction of more than 90%.
Given the requirement for a finite frequency mismatch in a conventional gyroscope system, the 2-DOF sense-mode architecture can actually improve both robustness and performance. In Fig. 7 , the frequency responses of a 2-DOF sense-mode gyroscope and a conventional 1-DOF sense-mode gyroscope with are presented. Both systems have identical drive oscillators, operated at the drive resonant frequency of 2 kHz, with a drive amplitude of . In the sense mode, the primary mass of 2-DOF oscillator is equal to the mass of the conventional device, and the mass ratio is . The isolated primary and secondary resonant frequencies are 1975 Hz, which locate the flat region at the 2-kHz operation frequency. Damping conditions in both devices are also identical, resulting in a Q factor of 100 in the conventional device.
For angular rate input, the response amplitude of the 2-DOF system is 0.5480 nm, which is over two times larger than the conventional system response of 0.266 nm (Fig. 7) . When there is a 10 Hz variation in operation frequency, the response amplitude becomes 0.5492, changing by less than 0.2%. The same 10 Hz variation results in 10% scale factor error in a coventional device with . Thus, the 2-DOF system provides over two times larger scale factor and fifty times higher robustness to 10-Hz frequency variation.
The scale factor of the conventional system becomes higher than the 2-DOF sense system when the is less than 50 Hz in this example. For this range of , the scale factor error for 10 Hz variation is more than 16%. Thus, in applications that require higher robustness or fabrication processes with larger relative frequency variation, the 2-DOF sense-mode gyroscope system achieves better performance and robustness.
2) Bandwidth: The mechanical bandwidth of a multi-DOF device is defined by the frequencies at which the amplitude of the sense-mode frequency response increases by 3 dB versus the minimum value between the peaks, which gives (17) where and are the lower and higher 3 dB frequencies, respectively. Together, the 3 dB points from (17) define the bandwidth of the 2-DOF sense system according to . If the peak spacing is again assumed to be much smaller than the operational frequency , the bandwidth expression simplifies to which corresponds to a sense-mode 3-dB bandwidth of roughly half of the peak spacing independent of operational frequency.
V. DEMONSTRATION OF 2-DOF OSCILLATOR ROBUSTNESS
In order to characterize parametric sensitivity of the 2-DOF oscillator system frequency response, a prototype gyroscope structure with actuation electrodes attached to the primary mass was designed and fabricated (Fig. 8) . The primary mass actuation electrodes accurately emulate the Coriolis force generated by the primary mass.
The frequency response of the 2-DOF oscillator was electrostatically detected under varying pressure and temperature conditions in an microminiature refrigerator (MMR) vacuum probe station. The response signal was acquired using off-chip transimpedance amplifiers connected to an Hewlett-Packard Signal Analyzer in sine-sweep mode. Two-port actuation and detection was utilized, where one probe was used to impose the dc bias voltage on the gyroscope structure through the anchor, one probe was used to apply the ac drive voltage on the actuation port attached to the primary mass , and the detection port on the secondary mass was directly connected to the transimpedance amplifier. Fig. 9 presents the experimentally measured amplitude and phase responses of the sense-mode passive mass at 5, 15, and 30 Torr. The change in the response amplitude in the flat operating region was observed to be insignificant, while the amplitude around the two resonance peaks increased with decreasing pressures. Furthermore, the phase of the second sense mass was observed to stay constant in the operating frequency band, while the phase changes were observed at the two resonance peaks. Thus, it is experimentally verified that amplitude and phase are unaffected by damping in the flat operating region, in contrast to the abrupt changes around the resonance peaks as in the conventional gyroscopes.
The sensitivity of the prototype gyroscopes to temperature variations was characterized by heating the vacuum chamber of the MMR probe station and continuously monitoring the temperature of the sample using a solid-state temperature sensor attached to the handle wafer. Fig. 10 presents the capacitively acquired frequency response of the sensing element at the temperatures C and C. The response amplitude in the flat operating region was observed to be less than 2% for the C variation in temperature, experimentally verifying the improved robustness against temperature variations.
In order to verify that robustness to parameter variations is achieved in the overall Coriolis response, the 2-DOF sensemode gyroscope structure was characterized on the rate table in a thermally controlled chamber. The operation frequency was manually adjusted to track the drive-mode resonance at each temperature. In the 2-DOF sense-mode gyroscope, a temperature variation from C to C was observed to result in only 1.62% change in the scale factor, verifying the improved robustness. At elevated temperatures, the linearity of the response was also observed to be preserved. For comparison, a conventional gyroscope fabricated in the same process was tested under identical conditions. A temperature increase from C to C was observed to result in 19.8% sensitivity change in the conventional gyroscope, which is more than 12.2 times larger than in the 2-DOF sense-mode gyroscope approach (Fig. 11) .
VI. MULTI-DOF SENSE-MODE TUNING FORK GYROSCOPE
In this section, we review a second multi-DOF concept that was introduced to address another common challenge for automotive devices: ambient vibrations and shock [8] , [11] . A common design technique used to alleviate these issues is the use of tuning fork architectures, which allows the sensor to mechanically reject common mode inputs while preserving the angular rate signal [5] . Since the multi-DOF concept presented in the previous section also used mechanical design to improve temperature robustness, a hybrid device promised a sensor with the benefits of both concepts. Thus, the multi-DOF sense-mode tuning fork gyroscope was introduced intending to combine the robustness of multi-DOF sense systems with the common-mode rejection capability of tuning fork designs [17] , [18] . 
A. Design Concept
A schematic of the multi-DOF sense-mode tuning fork gyroscope concept is shown in Fig. 12 . It consists of two identical multi-DOF systems, labeled left mass and right mass, connected via a coupling suspension forming a 2-DOF dynamic system in the drive mode. These systems are equivalent to the tines of a tuning fork; the major difference between conventional tuning fork gyroscopes [4] , [8] , however, is that both tines are multi-DOF devices, which contain decoupled 2-DOF sense modes. The frequency response of an ideal multi-DOF tine is identical to the regular multi-DOF gyroscope, Fig. 5 , except that the operational frequency of the tuning fork device is the antiphase natural frequency of the 2-DOF drive mode.
The operation of the multi-DOF sense-mode tuning fork, as with conventional ones, is based upon antiphase motion of the drive masses. By driving in antiphase, the Coriolis responses of the corresponding sense systems will also be in antiphase. Thus, a differential of the sense signals will preserve the angular rate signal while rejecting common mode inputs such as vibration and shock. In order to excite the antiphase mode, a central driving electrode, Fig. 12 , is used to electrostatically force both the left and right masses simultaneously so that the ideal, linear time invariant equations of motion for the drive mode become (18) (19) where and denote the displacements of the left and right masses, respectively, in the drive direction.
Each drive mass consists of the decoupling frame and both sense masses and moving in unison along opposite drive directions due to the electrostatic forcing at the operational frequency. Each mass is suspended relative to the anchor via the drive suspension , while the coupling suspension connects the two tines forming the 2-DOF drive-mode dynamic system. These two stiffnesses determine the operational frequency of the multi-DOF tuning fork (20) Despite having different drive modes (conventional 1-DOF versus 2-DOF antiphase operation), the sense modes of the multi-DOF sense-mode tuning fork are exactly the same as the regular multi-DOF device presented in the previous section. While the antiphase forcing provides mechanical rejection of common mode inputs, the multi-DOF sense modes inherently provides the device with improved bandwidth and temperature robustness. As shown in Fig. 5 , the sense-mode resonant frequencies are designed to be symmetric about the operational frequency, which in this case, is the antiphase natural frequency as defined in (20) . The region between the sense mode resonances not only provides a region of constant amplitude, but also provides a region of constant phase. This allows for easier phase matching of the sense modes, which enhances the ability of the sensor to reject common modes.
B. Common Mode Rejection
The common-mode rejection capability of the multi-DOF sense-mode tuning fork gyroscope was demonstrated using a shock input applied along the sense mode at atmospheric pressure while monitoring the response of both sense systems. No ac driving voltages were used; however a 10-V dc probing bias was applied to the gyroscope mass for detection. Fig. 14 (top) shows the experimentally obtained time histories of each sense system triggered due to a mechanical impulse applied at 0.002 s. The outputs track each other, demonstrating that the masses indeed responded in a common mode, as expected. The differential signal is shown in Fig. 14 (bottom) , which results in an uncalibrated 12 dB reduction in amplitude versus the individual signals. The amount of common mode rejection can be further increased by using more precise amplification or capacitance matching between the two outputs [18] .
C. Coriolis Response
Having demonstrated the common mode response due to shock inputs, the multi-DOF tuning fork gyroscope was then characterized using constant angular rates to verify the antiphase nature of the Coriolis response. This was accomplished by monitoring the sense signal of each mass individually, so that the scale factors of each could be observed; the final device output, however, would be the difference of these two signals.
The response of the left and right masses to constant angular rates is presented in Fig. 15 . The scale factors were found to be [linearity of 2.2% full-scale output (FSO)] for the left mass and (linearity of 2.2% FSO) for the right mass. As expected, the Coriolis responses of the two masses are in antiphase as demonstrated by the difference in sign of the scale factors [17] . Thus, the presented multi-DOF concept preserves the common-mode rejection capability of tuning fork devices.
VII. MULTI-DOF SENSE-MODE GYROSCOPE WITH FLEXIBLE SELECTION OF OPERATIONAL PARAMETERS
Even though common mode rejection greatly enhances the vibration immunity, operating above the automotive vibration spectrum that extends up to 5 kHz is essential. In this section, we review an alternative MEMS vibratory rate gyroscope design with 2-DOF sense mode recently introduced in [19] , which increases the operational frequencies independent of the sense-mode peak separation. The proposed architecture utilizes a third spring to obtain a fully coupled 2-DOF sense-mode, as in Fig. 16(a) , and yields robust, wide-bandwidth devices without sacrifice in response gain. Due to the flexibility of the extended design space of the architecture, the sense-mode resonant peak spacing and bandwidth can be adjusted independently of the operational frequency, die size, and mass ratio. For arbitrary given proof mass and detection mass , the three design stiffnesses are obtained as (21) where and are, respectively, the desired operational frequency and the sense-mode resonant peak spacing. Inherent to the design, the drive mode resonance is automatically positioned between the sense mode peaks, eliminating the need to tune the drive and sense mode frequencies.
A micromachined implementation of the proposed gyroscope is shown in Fig. 16(b) . The device consists of an anchored outerframe, two drive mode and two sense mode shuttles, a proof mass , a detection mass , and a central anchor. Each of the two drive mode and two sense mode shuttles is suspended relative to the fixed frame by two springs constraining shuttles' mo- tion to the respective axes. Similar suspension elements couple the four shuttles to the proof mass , forming a symmetrically decoupled suspension [20] . Using the capacitive electrodes on the drive mode shuttles, the proof mass is driven into a drive mode oscillation to form a axis sensitive Coriolis element. Unlike the conventional case [21] , [22] , the Coriolis-induced motion is not directly picked up from the proof mass ; instead, the proof mass is coupled to the detection mass using a bidirectional flexure with equal and stiffnesses. The detection mass is also coupled to the substrate with an inner suspension. During rotation, the Coriolis acceleration of the proof mass is transferred to the detection mass, which responds in a wide frequency bandwidth due to the coupled dynamics of the proposed 2-DOF sense mode.
Fabricated prototypes were packaged and characterized under ambient pressure conditions. The measured drive mode resonance was at 2.58 kHz, located in-between the 2-DOF sensemode resonances at 2.47 and 2.73 kHz. The 2-DOF sense-mode exhibited a 250-Hz 3-dB bandwidth providing an eight times improvement in temperature drift compared to the identical conventional mode-matched device achieved without sacrifice in gain. Fig. 17(a) shows rate response experimentally obtained at room temperature and estimated responses for C and C temperatures. Analysis of the gyroscope's noise performance is shown in Fig. 17(b) . With the off-chip detection electronics, the measured resolution was , and the bias drift was . For the described gyroscope design architecture, the resonant peak spacing of the fully coupled 2-DOF sense mode defines the bandwidth of the gyroscope and can be adjusted independently of the operational frequency and device size. The rate sensitivity and quadrature of the gyroscope are comparable to the best reported performance characteristics for MEMS gyroscopes operated in air, e.g., [23] . At the same time, the gyroscope provides much larger bandwidth than the state of the art rate gyroscopes, as well as excellent robustness to fabrication imperfections and in-operation temperature variations. Similar to the gyroscope design described in Section VI, the proposed device can be utilized in a tuning fork architecture for mechanical rejection of common mode accelerations. Alternatively, due to the flexible scaling, the operational frequency can be increased above the vibrational spectrum.
VIII. CONCLUSION
Automotive applications require low-cost and high-yield devices to meet strict performance specifications under quite demanding environmental conditions. In this paper, we reviewed micromachined gyroscope structural architectures with multi-DOF sense-mode oscillators, that provide inherent robustness against process and environmental variations at the mechanical sensing element level. We first presented the basic concept with a 2-DOF sense mode and a 1-DOF drive mode and illustrated that the 2-DOF architecture is actually capable of improving the mechanical angular rate sensitivity, as well as robustness compared to a conventional mode-mismatched approach. We then introduced the antiphase tuning fork gyroscope with multi-DOF sense modes that utilizes common mode rejection to improve vibration and shock immunity. We finally presented a new multi-DOF concept that allows to increase the operational frequencies above the vibration spectrum while preserving a small sense-mode peak separation. This design trend in the multi-DOF concept is expected to lead to reliable, robust, and high performance-angular-rate sensors with low-production costs and high yields, ideal for the demanding automotive environment.
